The quasi-static load sharing characteristics of a planetary gear set with planet journal bearings are numerically investigated. The application of journal bearings instead of rolling bearings in planetary gear sets is an alternative to increase the rotation speed. Therefore, an effective analysis method is needed to estimate the dynamic performance of a planetary gear set with planet journal bearings. Here, an available load sharing factor computation method is developed considering the effect of the variable journal bearing stiffness. Results of an experiment are used to validate the effectiveness of the computation method. Furthermore, the load sharing characteristics of a planetary gear set with planet journal bearings are influenced by bearing parameters and operating conditions significantly due to the changing bearing stiffness of journal bearings. The effects on the load sharing factor and the bearing stiffness are studied in detail simultaneously based on the proposed analysis method. The load sharing factor of a planetary gear set with planet journal bearings has a similar variation with the bearing support stiffness under the same load. These researches provide a theoretical basis for the application of journal bearings in planetary gear sets.
Introduction
In planetary gear sets, multiple planet gears are used to form power split and planetary gears provide higher power density than parallel axis gears [1] . The planetary gear set has been widely applied in wind turbines [2] and automatic transmissions [3, 4] . It uses three or more spaced planet gears. In the ideal situation, each planet gear equally shares the load. However, planet gear loads are not always equally distributed in practice. With unequal loads, planet-bearing forces increase, leading to reduced bearing life and failures [5, 6] . Further, the planet-bearing often operates at a high rotation speed to satisfy a higher power density requirement [7, 8] . This also affects the planet-bearing reliability. Due to better performance at a high rotation speed [9] , the journal bearing becomes an appropriate planet-bearing choice, as shown in Figure 1 .
Load sharing in planetary gear sets has been investigated extensively. Hidaka [10] indicated that floating central members could lead to perfect load sharing in a three-planet gear set. In 1986, Hayashi [11] showed that load sharing characteristics are improved with the increasing input torque by an experimental study. The shear strain of planet pins was measured to investigate the load sharing characteristics. The studies mainly focused on the three-planet system. In 1994, Kahraman [12] established a nonlinear time-varying dynamic model and quantitatively investigated the influences of the main design parameters, manufacturing, and assembly errors on load sharing conditions. The load sharing characteristics of the four-planet system were investigated. A reasonable agreement between the mathematical model and the test results was achieved [13] . Kahraman also established Load sharing in planetary gear sets has been investigated extensively. Hidaka [10] indicated that floating central members could lead to perfect load sharing in a three-planet gear set. In 1986, Hayashi [11] showed that load sharing characteristics are improved with the increasing input torque by an experimental study. The shear strain of planet pins was measured to investigate the load sharing characteristics. The studies mainly focused on the three-planet system. In 1994, Kahraman [12] established a nonlinear time-varying dynamic model and quantitatively investigated the influences of the main design parameters, manufacturing, and assembly errors on load sharing conditions. The load sharing characteristics of the four-planet system were investigated. A reasonable agreement between the mathematical model and the test results was achieved [13] . Kahraman also established a dynamic planetary transmission model [14] , by which the design parameters could be given to an arbitrary number of planets. The four-planet system research was also expanded by adding a flexible ring gear [15] . Bodas and Kahraman [16] investigated the influence of manufacturing errors using an improved contact model. Singh [17] and Fyler [18] indicated that the stiffness of the needle bearings has a major influence on gear contact pattern, and the double pinion planetary arrangement is more likely to result in off-centered loading. Singh [19] also physically explained the basic mechanism of unequal load sharing and obtained the analytical expressions to estimate unequal load sharing caused by position errors. On this basis, Singh [20] proposed the concept of a load sharing map to describe the load sharing characteristics of planetary gears with arbitrary position errors and load levels. Alfred [21] designed a new low spring constant planet pin that was shown to have significantly superior load sharing characteristics. Considering the instantaneous geometric shapes influenced by tooth deformations and errors, Gu and Velex [22] illustrated the influence of planet position errors on the load sharing characteristics.
Most of the investigations focused on the load sharing characteristics of planetary gear sets with planet rolling bearings. The bearing stiffness can be considered as a constant. However, for the planetary gear set using journal bearings, the bearing stiffness becomes variable. It leads to more complicated load sharing characteristics. The paper studies the load sharing characteristics of planetary gear sets using planet journal bearings. A load sharing analysis model considering the Most of the investigations focused on the load sharing characteristics of planetary gear sets with planet rolling bearings. The bearing stiffness can be considered as a constant. However, for the planetary gear set using journal bearings, the bearing stiffness becomes variable. It leads to more complicated load sharing characteristics. The paper studies the load sharing characteristics of planetary gear sets using planet journal bearings. A load sharing analysis model considering the hydrodynamic effect of the journal bearing is established. The influences of bearing parameters on load sharing characteristics are analyzed. It is aimed to provide an effective method for the design of the high-speed planetary gear set using planet journal bearings.
Materials and Methods
For hydrodynamic journal bearings using an incompressible lubricant of constant viscosity and operating under steady-state conditions, the general two-dimensional form of the Reynolds equation is given by [23] ∂ ∂x
where, p is the pressure, h is the oil film thickness, η is the lubricant viscosity, U is the tangential speed, x and z are the coordinates of journal circumferential direction and axial direction, respectively. Figure 2 presents the planet journal bearing inside a planet gear set. The radii of the planet gear shaft and planet gear are r and R, respectively. The center of the planet shaft O 1 is considered as the center of the bearing journal. Due to the loaded force, the center of the planet gear moves to O 2 , which is also considered as the center of the bearing bushing. The distance between the two centers is defined as the eccentricity, denoted by e. In addition, θ is defined as the eccentric angle and ω is defined as the relative rotation speed of the planet gear and the planet gear shaft. For further analysis of the journal bearing characteristics, the coordinate transformation method is used to make all the parameters in Equation (1) be dimensionless. Equations (2)- (8) give the expressions of the dimensionless parameters:
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where, φ is the azimuth angle in the circle, L is the journal bearing length and λ ranges from −1 to 1, c is the original radial clearance between the bushing and the journal, ε is the eccentricity ratio, p0 is the designed pressure. Then, the nondimensional Reynolds equation can be expressed as For further analysis of the journal bearing characteristics, the coordinate transformation method is used to make all the parameters in Equation (1) be dimensionless. Equations (2)- (8) give the expressions of the dimensionless parameters:
where, ϕ is the azimuth angle in the circle, L is the journal bearing length and λ ranges from −1 to 1, c is the original radial clearance between the bushing and the journal, ε is the eccentricity ratio, p 0 is the designed pressure. Then, the nondimensional Reynolds equation can be expressed as
The finite difference method is used to discretize the dimensionless Reynolds equation. The oil pressure is obtained by the successive over-relaxation iteration method:
where, A, B, C, D, E and F are the simplified parameters. They are calculated by Equations (11)-(16):
Reynolds boundary conditions are used in the calculation and adopted as
where, ϕ 2 is the angular starting position of oil film rupture along the circumferential direction [24] , which can be obtained when the convergence criterion is reached.
The convergence criterion to stop the iteration is expressed as
where, ERR is the specified error, which is 10 −4 used in the calculation.
Load Sharing Analysis Method

Planetary Gear Set Errors
Manufacturing and assembly errors of the planetary gear set make the center distance change. It is common to allow the sun gear to float in the radical direction in the planetary gear transmissions of vehicles [13] . The sun gear was chosen as the floating component. As shown in Figure 3 , in a planetary gear set, k p and k s are the support stiffness coefficients of the bearing and the sun gear. k spi and k pri are the meshing stiffness coefficients of the ith sun-planet pair and the ith ring-planet pair. r bs and r bpi are the pitch circle radii of the sun gear and the ith planet.
To study the dynamics of the planet, the equivalent meshing backlash caused by the manufacturing errors [25] , the assembly errors [26] , and the floating component errors [13] needs to be considered. Therefore, several parts have been taken into account in the cumulative meshing error calculation, as shown in Figure 4 . Because of the manufacturing error of each component of the planetary gear set and the assembly errors in the planet-sun gear pairs and the planet-ring gear pairs, the center of the ith planet moves to Oi7 from position Oi1, and the cumulative meshing error is represented by espi, as shown in Figure 4 . The manufacturing errors are composed of four parts: the sun gear, the planet, the carrier, and the ring. As illustrated in Figure 4 , the manufacturing errors of the sun gear, the carrier, the ring gear, and the ith planet are defined by a respective magnitude Es, Ec, Er, Epi [27] and a respective initial orientation angle of the high point βs, βc, βr, βpi. The assembly errors consist of the planet pin position error from the sun gear and the planet pin position error from the ring gear. The assembly errors of the sun-planet gear pair and the ring-planet gear pair are defined by their magnitudes As and Ar and their initial orientation angles γs and γr, respectively.
The equivalent meshing errors caused by the manufacturing error of each component are given by Because of the manufacturing error of each component of the planetary gear set and the assembly errors in the planet-sun gear pairs and the planet-ring gear pairs, the center of the ith planet moves to O i7 from position O i1 , and the cumulative meshing error is represented by e spi , as shown in Figure 4 . The manufacturing errors are composed of four parts: the sun gear, the planet, the carrier, and the ring. As illustrated in Figure 4 , the manufacturing errors of the sun gear, the carrier, the ring gear, and the ith planet are defined by a respective magnitude E s , E c , E r , E pi [27] and a respective initial orientation angle of the high point β s , β c , β r , β pi . The assembly errors consist of the planet pin position error from the sun gear and the planet pin position error from the ring gear. The assembly errors of the sun-planet gear pair and the ring-planet gear pair are defined by their magnitudes A s and A r and their initial orientation angles γ s and γ r , respectively.
The equivalent meshing errors caused by the manufacturing error of each component are given by
where, e Esi , e Epi , e Eci, and e Eri are the equivalent meshing errors of the ith planet. ω s , ω c , and ω p are the rotation speeds of the sun gear, the planetary gear, and the carrier, respectively. α w is the helix angle. t is time. ϕ i is the nominal position angle of the ith planet relative to the carrier. The equivalent meshing errors, based on two resources of assembly errors, are expressed by
where, e Asi and e Ari are the equivalent meshing errors of the ith planet. Therefore, the accumulative meshing error on the meshing line of the ith planet-sun gear pair can be summed up by e spi = e Esi + e Epi + e Eci + e Eri + e Asi + e Ari .
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The floating component error is assumed as ∆ si , which is a function of time. To calculate the floating error of the sun gear, variables x s and y s are introduced to characterize the displacement of the center of sun gear in two directions, shown in Figure 4 . Thus, the floating component error is
where,
Journal Bearing Stiffness
Equivalent meshing integrated stiffness of the planetary gear set is composed of three parts: the sun-planet meshing pair, the planet-ring meshing pair, and the planet gear supported by a journal bearing. Therefore, it is necessary to transform these three elements to the meshing line of a sun-planet gear pair. Thus, the effective planet support stiffness k Σ can be estimated as [28] 1
Furthermore, the journal bearing stiffness can be significantly different under various operating conditions.
Under different loads, the center of the planet gear changes, as shown in Figure 5 . As the load increases, the eccentric angle θ decreases, the planet center moves from O to O". The projection of the planet center on the load action line moves from p to p . Then, the bearing support stiffness is given by [29] 
where, W is the load and L Op is the distance between O and p. L Op can be calculated by
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Thus, the load is given by
The eccentric angle is expressed by
Load Sharing Factor
When a planetary gear set with N planet gears is loaded through the sun gear, the total load should be equal to T/r bs . T is the input torque. However, due to various manufacturing and assembly errors, the planet gears could not mesh simultaneously and only one planet will be loaded first. As the torque increases, the other backlash decreases, and then all the planet gears got to be loaded. During the meshing process, the rolling arc length of the sun gear along the pitch circle is given by
where, θ s is the rotation angle of the sun gear.
Considering the cumulative meshing error and the floating component error, the load can be described by
Therefore, the total load can be obtained by
The load above should be equal to the load on the sun gear, as demonstrated by
Substitute Equations (35) and (38) into Equation (37), as expressed by
According to the stress analysis of the sun gear, the force balance equations are given by
of 15
For an N-planet gear set with N ≥ 3, 3N + 2 equations can be established based on Equations (39) and (40) with 3N + 2 variables. By calculating the load on each planet gear, the load sharing factor of the planetary gear set can be computed by
The flowchart of the load sharing factor calculation procedure outlined above is illustrated in Figure 6 .
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Results and Discussion
Fundamental Characteristics
An experimental apparatus was built up for the load sharing factor test of a planetary gear set, as shown in Figure 7 . In the experimental apparatus, the drive motor provided various torque for the test box of a planetary gear set through a coupling. The input axis was connected to the sun gear. The maximum range of available operating speeds is 0-5000 r/min, which can be precisely controlled. In the experimental planetary gear set, rolling bearings or journal bearings could be applied to the planets alternatively. For the lubrication needs of bearings, a pressure oil supply system was set up, including specified oil distribution sleeves, planet axles with oil paths, the oil inlet, the oil outlet, the oil filter, and an oil pump. The oil pump is capable of supplying an oil flow rate of 40 L/min, and the maximum oil pressure is about 0.5 MPa. A strain gauge was attached to the stationary ring gear for measuring the deformation of each planetary gear [30] to quantify the load sharing factor. A data acquisition module was employed to collect and transfer the data to a computer for further analysis. 
Results and Discussion
Fundamental Characteristics
An experimental apparatus was built up for the load sharing factor test of a planetary gear set, as shown in Figure 7 . In the experimental apparatus, the drive motor provided various torque for the test box of a planetary gear set through a coupling. The input axis was connected to the sun gear. The maximum range of available operating speeds is 0-5000 r/min, which can be precisely controlled. In the experimental planetary gear set, rolling bearings or journal bearings could be applied to the planets alternatively. For the lubrication needs of bearings, a pressure oil supply system was set up, including specified oil distribution sleeves, planet axles with oil paths, the oil inlet, the oil outlet, the oil filter, and an oil pump. The oil pump is capable of supplying an oil flow rate of 40 L/min, and the maximum oil pressure is about 0.5 MPa. A strain gauge was attached to the stationary ring gear for measuring the deformation of each planetary gear [30] to quantify the load sharing factor. A data acquisition module was employed to collect and transfer the data to a computer for further analysis. Figure 8 shows the measured and simulated load sharing factors of a planetary gear set. The maximum sun gear rotation speed used in the experiment was 4000 r/min. As can be seen in the figure, the measured load sharing factor decreased first and then increased along with the increasing rotation speed. The experimental results and the simulated results of the load sharing factors of the planetary gear set with planet journal bearings appeared to have the same trend, along with the changing rotation speeds. The eccentricity ratio of the journal bearings is larger at a lower rotation speed. The large change rate of the load with the eccentricity ratio and the small eccentric angle makes the bearing support stiffness decrease with the increasing speed. However, at a higher rotation speed, the eccentricity ratio becomes smaller. The change rate of the load with the eccentricity ratio also becomes smaller as the eccentric angle becomes larger. As a consequence, the bearing support stiffness increases with the increasing rotation speed. The load sharing factor and the bearing stiffness have the same variation trends with the rotation speed when the load is constant. Obviously, journal bearings affect the variation of the load sharing factor. In addition, the comparison between the applications of rolling bearings and journal bearings in the planetary gear set was also illustrated in the figure. When using planet rolling bearings, the load sharing factors at different rotation speeds were almost the same, which is because the rolling bearing stiffness kept essentially unchanged. 
Influence Parameters
The bearing support stiffness of a planetary gear set has a great effect on the load sharing factor [31, 32] . The journal bearing stiffness and the load sharing factor are analyzed with different influential parameters. The following figures show the influence of each parameter on the stiffness and the load sharing factor. The structure characteristics of the planetary gear set applied in the Figure 8 shows the measured and simulated load sharing factors of a planetary gear set. The maximum sun gear rotation speed used in the experiment was 4000 r/min. As can be seen in the figure, the measured load sharing factor decreased first and then increased along with the increasing rotation speed. The experimental results and the simulated results of the load sharing factors of the planetary gear set with planet journal bearings appeared to have the same trend, along with the changing rotation speeds. The eccentricity ratio of the journal bearings is larger at a lower rotation speed. The large change rate of the load with the eccentricity ratio and the small eccentric angle makes the bearing support stiffness decrease with the increasing speed. However, at a higher rotation speed, the eccentricity ratio becomes smaller. The change rate of the load with the eccentricity ratio also becomes smaller as the eccentric angle becomes larger. As a consequence, the bearing support stiffness increases with the increasing rotation speed. The load sharing factor and the bearing stiffness have the same variation trends with the rotation speed when the load is constant. Obviously, journal bearings affect the variation of the load sharing factor. In addition, the comparison between the applications of rolling bearings and journal bearings in the planetary gear set was also illustrated in the figure. When using planet rolling bearings, the load sharing factors at different rotation speeds were almost the same, which is because the rolling bearing stiffness kept essentially unchanged.
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The bearing support stiffness of a planetary gear set has a great effect on the load sharing factor [31, 32] . The journal bearing stiffness and the load sharing factor are analyzed with different influential parameters. The following figures show the influence of each parameter on the stiffness and the load sharing factor. The structure characteristics of the planetary gear set applied in the computation remain constant. Table 1 gives the structure parameters of the planetary gear set. Table 2 gives the reference parameters in Equations (19)- (27) for estimating the cumulative meshing error. 
α w 20 • Figure 9 presents significant variations of the load sharing factor and the journal bearing stiffness with different lengths and diameter ratios of the journal bearings. Both the stiffness and the load sharing factor changed significantly when the lengths and diameter ratio was smaller than 0.75. Under the same rotation speed and load, smaller lengths and diameter ratio increases the eccentricity ratio. When the lengths and diameter ratio becomes larger, the eccentricity ratio also decreases. It seems that the influence of the lengths and diameter ratios is similar to that of the rotation speed. The results also indicate that the load sharing factor is relatively low when the ratio is around 0.7. It is important to choose a suitable ratio to get a proper load sharing factor.
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Conclusions
In this study, an available load sharing factor computation method was developed to study the quasi-static load sharing characteristics of a planetary gear set with planet journal bearings. The manufacturing errors, the assembly errors, the floating sun gear error, and the variable journal bearing stiffness were taken into account in the calculation. An experimental apparatus was established. The trend of load sharing factors with changing rotation speeds obtained by simulation was in good agreement with the experimental results, which verified the effectiveness of the proposed load sharing factor computation method. Based on the computation, the effects of journal bearing parameters, including the lengths and diameter ratios and the relative clearance, as well as the effects of operating conditions, including the viscosity, the load, and the rotation speed, were discussed in detail. It can be concluded that the load sharing factor of a planetary gear set with planet journal bearings had a similar variation with the bearing support stiffness under the same load. The load sharing factor became smaller with a larger journal bearing relative clearance or a higher load. There was a minimum load sharing factor with the variation of the length and diameter ratio. As the viscosity increased, the load sharing factor increased under the same rotation speed and load. The load sharing factor change rate slowed down with a large viscosity or at a high rotation speed. These research provided a theoretical basis for the application of journal bearings in planetary gear sets.
For further research, the variations of the journal bearing parameters should be considered as a dynamic process, and the influence on the dynamic behaviors of the planetary gear set should be systematically investigated. Figure 13 . Load sharing factor vs. rotation speed.
For further research, the variations of the journal bearing parameters should be considered as a dynamic process, and the influence on the dynamic behaviors of the planetary gear set should be systematically investigated.
